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FOREWORD

This second Technical Docurnentary Report presents a technical disc',ion
and review of program activity and progress during the period 16 September
through 15 December 1964.
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(This abstract is unclassified)

ABSTRACT

The results of an investigation of viscoelastic and failure properties of highly
fillecd PbAA and PBAN propc1inis as a furction ol ,oildU oad"dng rc rt:VeiieL
Failure surface study results are reported, and the results of a limited study
of the relationship between crack propagation velocity and propellant physical
characteristics are discussed. Propellant dynamic shear and bulk properties
were investigated with small deformation piezoelectric devicet. An experi-
mental investigation of propellant thermomechanical response to sustained
cyclic inertial loading was completed, and the results in agreement with theoi
are presented. Also discussed are exper!nental investigations of transient
thermoviscoelastic response of propellant under c -nutant cyclic strain ampli-
tude and inertial loading.
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Section I

INTRODUCTION AND SUITJ fl RY

The Structural Integrity Department of Lockheed Propulsion Company is
conducting a theoretical and experimental research program to correlate
the mechanical behavior and failure properties of solid propellant with the
basic characteristics of the propellant and its constituents. This research
is supported by the Air Force Rocket Propulsion Laboratory, Research and
Technology Division, Air Force Systems Command, Edwards, California,
under Contract No. AF 04(611)-9953. The program effort is concentrated
in the study of propellant dynamic physical properties, structural failure
phenomena, and chemical-physical effects.

In this report, program activities and results for the period 15 September
through 15 December 1964 are described and discussed. A section-by-
s,!ct•,on summary is presented below.

Section 2 -Propellarnt Formulation Study, High Solids Loading. Failure
proI erty 1nvestig.tlor:s sn iTul T- I str-('.s; std.ites were ccm[ipeTted for the
secCOT,! group of PBAA and PBAN pro'pellants which include oxidizer modality
and burning rate catalyst variations. Little effect on failure properties was
observed for the change from optimized trioxidizer to optimized ')ioxidizer
particle size distribution as anticipated from theoretical considerations. Some
sensitivity of the failure properties of the PBAA propellants to the liquid burn
rate catalyst was observed. Stress relaxation characterization and small strain
nonlinear behavior of the first group of formulation variations are discissed
along with prelimin ry correlation of the relaxation data with measured small
deformation dynamic response.

Section 3 - Fracture Mchanics. Work during the quarter was concentrated
on ailure surca- d-eR'fYhi-Mton in orthogonal stress space and studies of crack
propagation in biaxial strip test specimens. Studies of test specimens for
obtaining failure data in three-dimensional stress states have continued. Re-
suits of the failure surface Ltudies are presented. A preliminary estimate has
been made of the shape of the failure surface in stress space for an 84 weight-
percent solids-loaded PIBAN propellant. A maximum tensile stress criterion
appears consist,,nt with the limited data for 0 e tensile octant; an internal
friction criterioi, appears generically applicable to the octants where tensions
and compressions are combined. Superposed hydrostatic pressure on uniaxial
tension cau:ýcd only small changes in strength and elongation.

The results of the limited studies and experiments that nave directed attention
to relationships between crack propagation velocity and propellant physical
characteristics are described. Good agreement was found between measured
and predicted crack extensions.

1-1
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Section 4 -- Dynamic Properties, Experimental investigations of propellant
dynamic -• 'r~dbulk" p-rop-er'tes measured with the small deformation
piezoelectric devices previously described (Ref. I ) are discussed. Shear
moduli of P13AA and PDAN propellant and cured binder are prenented and
compared with linear thermal expansion measurements of glass transition
temperature obtained for sirvilar propellants. Analysis techniques and cali-
bration results are discussed for the dynamic bulk modulus device.

An experii •ental investigation of propellant thermomechanical response to
sustained .yclic inertial loading was completed. Experimental results are
presented and it is noted that they are in qualitative agreement with theoreti-
cal predictions. In particular, jump instability was experimentally observed
to be due to regenerative thermal and mechanical coupling. Also, an experi-
mental investigation of transient thermoviscoelastic response for constant
cyclic strain amplitude and inertial loading was conmpleted. Experimental
results presented include cyclic degradation observations.

1-2
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Section 2

PROPELLANT FORMULATION STUDY - .Iic;}.i 2OLIDS LOAlDI:.7

2.1 INTRODUCTION

Increasing use is being made of very highly loaded solid propellants in prac-
tical motor applications. As the solids loading is increased, the physical
properties change and the propellants become more nonlinear in their visco-
elastic behavior. For these reasons, research at Lock1heed Propulsion
Company in the areas of dynamic r,-sponse and failure rnechanisms is
presently being concentrated on ballistically feasible propellant formulations
approaching the maximum theoretical limit of solids loading. Primary
effort during the second quarterly reporting period has been directed towards
completion of an experimental parametric study of a series of highly loaded
PBAA and PBAN propellants.

Although analysis of the experimental results are so far incomplete, several
conclusions concerning the observed effects of high ý4ids loading on propel-
lant physical properties can be made at this time. A systematic dcgradation
of the propellant failure strain capability arid an accon;npInying increase in
failure stress are observed as the solids loading is increased, resulting in
a net increase in the mechanical energy required to break the specimens. In
aL dition, the viscoelastic properties at small strain3 are observed to mirror
the failure behavior with a general tendency toward higher moduli and increas-
ing nonlinear behavior as the solids loading increases.

Experimental results for the burning rate catalyzed and bimodal oxidizer
propellant formulations are presented in the following sections. The results
show that changing the oxidizer modality from a trioxidizer to a bioxidizer
system has little effect on the failure properties when the particle size dis-
tributions for the two modal systems are optimized as discussed in the
previous quarterly report.

In general, burning rate catalysts were found to hate little effect an failure
properties with the single exception that PBAA propellants were found to
be softened substantially by the addition of the liquid burning rate catalyst.

2-1I-

I . . WMi i i I I I I S SII PI ! I



AFRPL-TR-65-20 667-0-2

2.2 TEST PLAN

Propellants have been prepared consisting of combinations of four propellant
formulation variables. These are (1) total weight percent solids loading,
(2) binder type, (3) oxidizer particle size distribution, and (4) burning rate
catalysts. The total solids loading was varied between 84 and 90 percent.
Polybutadiene acrylic acid (PBAA) copolymer and polybutadiene acrylonitrile
acrylic acid (PBAN) terpolymer binders, were investigated. Two particle
size distribution systems were used--a bimodal oxidizer system and a tri-
modal oxidizer system, botl, optimized for minimum processing viscosity.
In addition, an assessment of the relative effects of burning rate catalyits,
both liquid and solid, on the physical pioperties and burning rate was planned
on a spot-check basis. Formulations which have been cast and prepared for
testing are listed in Table 2- 1. Formulations will be referred to by the code
symbols listed in Table 2-1 throughout this report. All o! the propellants are
aluminized. The solids particle size distribution is identlcal for each tri-
oxidizer system. Similarly, each bioxidizer system contains an identical
solids system, with the exception of the two systems catalyzed with solid
catalysts, 84NBCS and 88NBCS. For these systems, a small portion of the
fine oxidizer is replaced with an equivalent amount of burning rate catalyst.
PBAA binder is cured at a 1.1/1 imine-to-carboxyl ratio level with a
trifunctional-to-difunctional curative ratio of 40/60. PBAN binder is cured
at a 1.3/1 epoxy-to-carboxyl ratio. Both PBAA and PBAN propellant binders
are plasticized. Specific information regarding the formulation of each pro-
pellant was presented in Appendix II (Confidential) of LPC Report 667-Q-I
(AFRPL-TR-64- 148).

Two 5500-gram batches of each formulation were mixed simultaneously in
similar laboratory mixing facilities to provide sufficient propellant for the
various specimens and to eliminate batch-to-batch variations as much as
possible. The propellants were mixed and cast under vacuum.

The test specimens used in physical property testing were the in situ bonded
tab-end type, sawed and milled from bulk casting of propellant. P5"ior to
testing,all specimens were dimensionally ispected and stored in a 70OF
desiccated environment.

Experimental data for four stress states are being obtained for the propellant
formulatiLns in Table 2-1 . Uniaxial tension, strip biaxial, diametral com-
pression, and double-lan shear tests are being performed, using a constant
rate of deformation for failure characterization.

The essential characteristics of the specimens and the definitions of failure
are discuss-d in the following subsections.

2-2
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2.2.1 Uniaxial Tensionl

Tab-end specinic,,n- consisting of rectangular bars (4 by 0.3 by 0.3- r.c .- )
with wooden tab-end ' (bcnded in si.tuto propi-Ilant during curc) arc, bving u•ed
exclusively for thc ten!;ile testi--1; 'ic stress-strain condition identified a s
failure is definted by ( ," the so-callcd str-ain at nmaximurn stress, as pre -
sented in the ICRPG Solid P~ropellanut \¶cchanici,] Behavior Manual. (Ref. 2.
This strain f f-Iuua117T be H---77. 6T't e-straTi level wh e r e the
load-time record passes through a maximum, and may be associated with
the development of extensive dewetting.

2.2.2 Strip Biaxial'

Strip biaxial specimens consist of thin plates of propellant with a width much
greater than their height. The specimens are prepared by casting pi opellant
into lined wooden boxes of appropriate size and subsequently machining
specimens from the box, retaining the wooden tabs along the long sides of
the specimens. They are tested at a constant elongation rate applied in a
direction normal to the clamped edges. In most instances, strip specimens
with a large width-to-height ratio fail by cracking in the central region of
the strip where the stress field L reasonably uniform. As in the uniaxial
tensile tests, a maximum in the load-time curve sometimes occurs prior to
visual crack initiation. Thus, for the sake of uniformity, the stress-strain
condition identified as failure in this test is defined in the same manner as
for the uniaxial tensile tests. The size of the biaxial strip specimens used
is 7.5 by 1.5 by 0,125 inches, and the sheets ire filleted from the 0.125-inch
thickness to a 3/8-inch thick wooden tab strip.

2.2,3 Diametral Compression'

The diametral compression test specimens are L.5-inch diameter discs,
1/2-inch thick, prepared by machining cast cylinde.s of propnls;ant. The
failure of these specimens is first evidenced by the appearance of fissures
at the center, on the surface of the specimens, usually aligned at an angle
to the principal stress axes so as to suggest shear failure. Although it is
possible that the initiation of failure takes place inside the sample somewhat
earlier than is shown by the surface crack, the start of the visible fissuring
at the specimen surface defines failure.

'These test specimens are described in detail in Ref,;rence 2;

2-4
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2.2.4 Doable-Lap n'Scar

Parallelogram plan-form shcar -pcci.m,:,.nr a r. fr. ........... p c --
lant failure prcpertir.;. • ur r L er - c ,,•lt`,' ¢ : .' ). vsý.. .....*' ,' V .y 4*'~ . (. ... "t / l tO:
supports conitrain.d 1? prevý: , ,r nnn, -r, to
thle cc'-'er z:'p~ f C'2i 2 A ~':
s equoe.- failure of ti:- pro;: : 11- " t¶'.c cc, t rI I : f ..
Shear failure surfaces~ are for to bt parallVuA Utood
perpendicular to the 4ree surfaces of the pro-p,, Ilat. of
fracture is difficult, biut it is usually observed nearly at the ooz:•:::rved peak
output force in a constant shear strain rate tie:s1t. For simplicity-, thI:refore,
failure is defined in this test as the peak in the force-tine record.

2.3 FAILURE PROPREFTIES

Multiaxial failure characteristics of the 10 formulations shown unshaded in
Table 2-. have been investigated. The results show that the absolute
magnitudes of the failure stress and strain again vary with stresa axiality
as anticipated. There is also a ccnsistent change in failure prolp :rties with
formulation variation for all of the test modo s. Thus, bc1cav.c: of th? large
amount of data, unnc:cessary repetition will be avoid!d by Fr:, ,i.",' in
graphical form only the strip biaxial test mode resvtl•t. ,ai.u eta for
the rernaining three tcst modes are presented in tatilar for,:n in Tables 2-21
2-3 , and 2- 4

Figure 2- 1 presents comparative biaxial strip failure properties for the 84
weight-percront loaded, bioxidizer, PBAN catalyzed and uncatalyzed formu-
lations 84NBC3 and 84NB, respectively. The solid burn rate catalyzing
agent (less than two percent by weight of the total formulation) replaced an
equivalent weight ._f fine-ground arnmonium perchlorate to maintain a con-
stant solids loading. Inspection of the data showed a small amount of pro-
pellant stiffening due to the solid catalyst resulting in slightly higher failure
stresses and lower failure strains. This effect is confirmed by the diametral
compression and lar)-shear test data.

Similar PBAN, bioxidizer formulations at 88 percent solids loading, with
various burning rate catalysts, are compared in Figure Z-2. No significant
change in failure -roperties is apparent from these data as a result of using
the burning rate catalysts. The liquid cat2.lyt amounts to less than two
percent by weight of the total formulation and replaces an equal quantity of
plasticizer so as to keep the total plastiri2.er-to•-polymer ratio constant.

L-s
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Table 2-2

UNIAXtAL FAIL`l• N STRESS ANYT) STRAI
AT ICRPG (1963) FAILURE POINT, Rate 5%/mm

Failure Stress (pi)
Failure strain p-ercert)

Propellant Temperature ("F)

Formulation 140 83 10 -50 -85

55 79 212 383 635
84 RB

5.3 6.0 7.6 5.1 4.81

53 76 138 421 850
84 NB ........

19 22.1 12.5 6.2 2.95

79 124 294 -- --
88 R B... . .......

4.1 4.3 5.2 -- -

72 96 190 557 773
88 NB ....

13 13.1 12.1 5.3 1.71

69 91 185 485 802
84 NBCS

18 18.6 12.6 7.1 2.38

88 108 196 538 882
88 NBCS

14 13.8 11.7 5.6 2.25

31 54 167 326 457
88 RC

8.2 8.4 8.2 3.08 2.37

66 87 181 530 662
8 8 N C .... ....... ....

9.2 9.2 9.2 3.20 2.00

40 68 164 326 446
88 RBC ...... .

14.2 12.7 9.7 4.72 2.99

81 107 198 543 --

8 8 N B C ...... .... . ........
10.7 9.7 6.7 3.43 -=

2-6
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Table 2-3

DIAMETRAL COMPRESSION IIOiRIZO74TAL FAILURE STT;3 AT) STAIA....
AT CENTER, Rate 6.3%jrmin VERTICAL DIAMEWTER C;IIArGE

Failure Stress (ps')
"Fa-ilhu-rFe- ST~iaih-(~ ji -rccf-t)

Propellant Temperature ( 0F)
Formulation 140 74 10

52.3 102 235
84 RB .

20.3 27.2 31.2

43.6 84.8 211
84 NB

37.1 53.6 56.9

63.9 127.6 2668 8 AB 
.....

13.1 18.0 20.0

54.0 81.7 163
88 NB

27.0 30.1 36.2

53.2 91.7 213
84 NBGS ... . ....

35.7 44.3 53.7

69.5 100 170
88 NBCS

24.2 28.2 26.5

30.6 102 196
88 RC

28.5 30.1 29.1

52.3 77.9 170
88 NC

25.7 22.0 28.0

38.7 89.6 169
88 RBC

33.9 31.3 32.9

71.4 112 240
88 NBC ....

19.5 25.2 26.6

2-7
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Table 2-4

DOUBIE-LAP SHEAR FAILURE STRESS AND STRAIN,
Rate 6.7o/rnin.

Failure Stress (psi)
Failure Strain (percent)

Propellknt Temperature I°F)

Formulation 140 82

50.2 80.9
84 RB

23.9 25.7

40.5 62.1
84 NB

41.5 C.8

54.0 89.2
88 RB

15.1 18.0

60.9 F3.1
88 NB

31.8 34.8

38.2 66.5
84 NBCS

33.9 37.4

64.9 104
88 NBCS

31.1 34.1

29.2 75.1
88 RC

34.1 34.1

49.6 88.6
88 NC

21.3 31,2

z5.9 68.5
88 RBC

39.4 37.5

65.8 113
88 NBG

25.1 32.2

LOCKHEED PROPULSION COMPA
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In Figure 2-3, the effects of solids loading on the PIBAA and PBAN bioxidizer
formulations are cromparcd at the 84 and 89, weight-perccnt solids loading
levels. The failure characteristics are sirnilar to the trioxidizt, tr fosrwnula-
tions in that increasing solids loading results in increascd failure mtress
and reduced failure strains.

Brittle fracture was obtained with the PBAN propellants when tested at
-50 and -85 0 F. Again it was found that the PBAA propellants have unusually
low failure strains and high failure stresses as noted for the uncatalyzed
trioxidizer PBAA formulations.

A comparison between the uncatalyzed trioxidizer and bioxidizer formula-
tions is presented in Figures 2-4 and 2-5 for the PBAN and PBAA propel-
lants, respectively. In general, the bioxidizer formulations show slightly
superior strain and stress capability for both binder types and solids load-
ing He-'el.. However, this situation is reversed at higher temperatures
with the PBAA formulations.

Figures 2-6 and 2-7 illustrate the effect of the liquid burning rate catalyst
on the failure properties of the bioxidizer and trioxid zer formulations at
88 percent loading for PBAA and PBAN propellants, respectively. The
dat, for the PBAA binder show a significant softening of the propellant when
the liquid burning rat"e catalyst is added. Failure strain capability is in-
creased by approx,.niaýcly a factor of two at the higher temperatures and
the stresses are correý:ponding!" lower. Inspection of Figure 2-7 reveals
TICno such effect for the Pt3AN binder propellants and in fact a slight stiffening
is observed due to the liquid catalyst. The data therefore show a preferent-
ial interaction between the liquid burning rate catalyst and the PBAA binder,
tending to reduce the effective network crosslinking or otherwvise loosen the
binder structure. The fact that the biggest effect is obtained at higher
terrperatures suggest- that binder crosslinkiag structure (or effective
chain length) is modiied by the catalyst, resulting in a lower modulus in
the temperature region where long range interactions are most important.
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Previous a worh, given in tVC first quarte'i; r e'.,rt, -"vx :- ,X:.. they .:LV '
tensile re ,p ont,'- • f tl.c 5 ,.0 "1 " . r, .

at strzi iný- cf thec 0e~ r Cf 1 t $ re t Ti, n~ :i (

by inc rea 3 ng ng J ulu wt v'i", i týcr - , .... . : : al e ;: fr. .t, ,
for the rem, ininghighi s cli,! lozcded pro~~ I: t sl~o, ý r th r-
magnitude of this particular cffect increases as the * lids loadin.g is increpaed

and as the bindeŽr modulus decreases at a coastant solids loading.

The study of the tensile relaxation response of the first group of highly loaded
propellant formulations has been continued and extended to ternperatures.
ranging from -240 F to +1740F. In general, rclaxation response was found
to be a nonlinear function of strain level in the I to 5 percent strain ranc.
In addition, time-temperature superposition of the data was found to be poor.
However, mathematical inversion of the reduced relaxation dazta to cc.mplex
tensile modulus form was performed and the results were compared with
frequency-temperature superposed, experimcentally measured dynamic shear

data for the same propellants. The dynamic shear tests worcd performed at
very low strains of the order of 6 x 10-3 percent. In general, results which
have been analyzed thus far show good agreement between the loss moduli
components from the tensile relaxation data and the measured dynamic shear
data. However, the storage component curves do not show good agreement.
The storage moduli calculated from the ter.ile relaxration test:; are genr.-lly
larger than the values calculated from th.e snalaI deformation shear data. The
discrepancy increase,; at lower frequencieý5 or at higher temperatures, result-
ing in a slope mismatch between the curves of log modulus versus log reduced
frequency in the overlap region.

Data reduction and analysis are still in progress and detailed results will be
given in subsequent reports.
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Sectka 3

FR AC T U RE ±ýCU2 C

3.1 GENE'tlA

Work during the qu.arter was concentrated on failure surface definition in
orthogonal stress space and studies of crack propagation in biaxzial strip test
specirrens. Studies of test specimens for obtaining failure data in three
dimensional stress states have continued. Section 3.2 presents the results
of the failure surface studies. The inforrnztion in this section is essentially
identical to that contained in AIAA preprint paper No. 65-157. A prelimina.-ry
estimate has been made of the shape of the failure- surface in stress space
for an 84 we ight -percent solids loaded FBAN propellant. A mauximum tensile
stress criterion appears consistent with the limited data for the tensile
octant; an internal friction c~riterion appears gcnerically applicable in the
octants where tensionýs and compressions are combined. Superposed hydro-
static p.-essurc on uniaxial tension causcd s-nly small cl.,anges in strength arnd
elongation.

Section 3.3 describes the results of the li.n~ited stuvlies and ezc1pcrirnrntq that
have directed attention to relationships bot-:%-'crn crack- propiig1aticoa v~rlocily
and propellant physical cha,.actcristics. Good ~; eetwas foun-d bctvween
measured and predicted crack extensions.

3.2 FAILURE SURFACE STUDIES

Stress and straý.n analyses are two fundamental requirements for determining
a rocket motor's structur'al capabilities. The linear theory of viscoelasticity
has provuLad a useful (though not always precise) guide to the stresses and
strains in rocket motors. Prediction of failure in solid propellant grains,
however, has been dependent upon a much less reliable source. In most
instances. fa~lure analyses lean heavily on unitaxial tensile test data. Since
a solid propellant grain is subjected to a spectrumn of three -dimensional
stress states, the applicability of uniaxial tensile data to the ?rediction of
r~aotor failure is questionafble. An understanding of how failure properties
depend upon the state of stress or stress axiality is required for the proper
conduct of a failure analysis.
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One descriptive correlation of failure dependence on stress state is the so-
called failure surface, defined in a tkree-dirnensional space by the values
of the principal stresses at failure. Th- failure surface and its general
topology have been discussed elsewhere (Rcf. '. 1). A major difficulty associ-
ated with this type of representation is the fact that the failure properties of
solid propellaiits depend upon their loading history as well as strcss axiality.
Since a given stress statc at failure, in principle, may be reachoer by an
infinite variety of loadling, historics, a failure surface exists only for spec'fic
loading histories. Snarman (Ref. 5 ), for example, describes traces of the
failure surface for those loading histories in which the maximum principal
strain rates are identical.

Experimental results on the stress state dependence of filled rubber failure
properties have been reported previously by Sharmna, Ref. 6 ) Jones,
(Ref. '1) and Majerus, (Ref. r3 ). In Sharina's paper (Ref. 6 ), attention
was focused upon delineating the failure surface for a viscoclastic material,
which, however, was not representative of most propellants. Jones and
Majerus made no specific attempt to establish the failure surface.

The following considers the fiilure surface for a PBAN propellant with a
solids loading of between 69 and 80 percent by volume. The mechanics of
the test and the reduction of data to a reasonable presentation are empha-
sized. Representative data for one strain rate and one temperature are pre-
sented for a number of multiaxial stress states. While a number of questions
remain, particularly with respect to proper stress analysis of the tests, the
results of this investigation are encouraging. A first approximation to the
failure surface in stress space has been obtained, and its variation with pro-
pellant solids loading has been partially explored.

3.2.1 Test Analysis

While linear viscoe'astic stress analysis has provided a significant guide to
propellant stress analysis, it poss.csses limitations which are not fully
understood, e.g. , large deformation effects and the differing responses to
compressive and tensile loads. Although it is necessary to consider these
effects if an analysis of failure data is to be precise, they cannot be accounted
for at the present time in a refined manner. Indeed, their incorporation in
test data analysis depends as much upon engineering extrapolation as upon
mathrematical rigor. As a consequence, the following work has to be viewed
more as a step in the proper direction than aE an ultimate result.

For the purpose of the present discussion, we shall distinguish between
effects of large deformations upon the stress field and the effect of nonlinear
material behavior. It can be shown (Ref. 6 , 7 ) that the change in stress
values due to consideration of large deformation rarely exceeds the order of
the maximum strain value. While deformations at failure in dominantly com-
pressive stress fields may exceed 25 percent, deformations in the tests

3-2

LOCKHEED PROPULSION COMP



-A; 4% A. -)C 667 2

reported here are generally of this order or less. The streas ,nAyscs of
the tests, therefore, arc bz.cd on the u$url a.u'ption of infinitesimal

deformations. The effccto of bilinear coi•npreasion-teasion rnoýli are dis-
cussed in the tollowiirz, parnr2graphs apprc riate to ti particular te sts in which
they are an import::rt fao.
Se.ven te st-s repro,;-nf..- ,-,, , 0 .... (ý " "ý' " i r ,",hrrc -d cr ., iSe.e..t.....r.r.... nt.> , l •=,tiji tc ity of !ocat ion• iu• three -,Jr~ •vn ;,,•,,,- ,

stren:• space have bee;a u,,ý - in comp i, tc i•--tf. rc&(:.ntcd hc ir il. Test
apecirncn geometries are Ac.%wvn in Figure 3-1. Thie tests are littcd below,
and their principal stress values are sh"wn for the observed sites of failure
initiation in terms of applied boundary stresses or loads. The calculation
of these stresses is based on the assumptions of material linearity, homo-
geneity, continuity, and infinitesimal deformation. Arabic subscripts
indicate principal stresses, thu "I" direction identifies the principal tensile
stress in each test.

Strip Biaxial Tension

"3 = (I

where (r0 is the average applied stress for a strip of length at least 5
times its height (Figure 3-1).

Uniaxial Tension

or, = 3 = 0

where or0 is the applied tension.

Uniaxial Compression

=' -00 (3)

O9z = 3 = 0

where r0 is the applied compression.

Strip Biaxial Compression

= - I/Z (4)

or. 3 0
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wh er e or i a t% 1e r*-- r C.rzp flnt t1,r

times its hcA.-ht.

02 -3ar (5)

where

F = applied compression

d = specimen diarneter

t = specimen thickness.

Shear

T3- 0

where To is the average applied shearing stress in a laterally restrair.ed
or "simple" shear geometry (Figure 3-1).

UJniaxial 'rt¢nsion With Superposed Hydrostatic Pressure

0r O eC H (7)
or , o r "3 - o r H

where -oH is the applied hydrostatic gas pressure.

The shear test and the diametral compression test require additional con-
siderations. Previously, it was determined that shear strains produce
significant stresses normal to the applied shear (Ref. 9 ) if the outer sup-
ports are restrained from lateral motion. Specifically, it was found that
the normal stress a y across the shear is proportional to the applied shear
stress T. and is, approximately,

ry t 0.3o (8)

where 'to is the shear force divided by the total area.
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Herrmann (Ref. 1o) has considered the effect of bilinear material prol-,erties
on the simple shear test and shovs that the normal stress a. along the
largest dimension is equal to y For a ratio of tensile-to-coi-iprcssive
modulus of 1/2, which is characteristic of propellants with the nolic,: load-
ing* invcstigated here, tle stresses a. and a y have been found to bo approxi-
mately 1/3 the shear stress. Therefore, the principal stresses are

o 4 = 0 .7 Tr

Orz - 1.3 To

whereas linear theory yielded a, = -"z = T. (Equation 6).

A similarly detailed analysis for the diametral compression test has not been
performed, primarily because the stress distribution varies through the
body, which significantly complicates the analysis. However, an estimate
of the correction can be obtained if one considers the different modulus
values in tension and compression. Inasmuch as the compressive modulus
is about twice as large as the tensile modulus, one could assume that half
of the compressive force is absorbed in the disk without producing trans-
verse stresses and that the remainder of the force gives rise to the tensile
stress or* Instead of the 3"1 ratio between the principal compression and
tension stresses found in linear analysis (Equation 5), a ratio nearer to 6:1
appears to be more realistic.

It is clear that nerlinear material behavior can influence significantly the
evaluation of the test results. While the precision of the analysis is question-
able, it is qualitatively correct and reduces the effects due to material non-
linearity.

3.2.2 Experimental Results

Tests were performed on an Instron testing machine. The testing speed was
adjusted so that the principal tensile strain rate i, was equal to 0.07 in./in./
min when based on the specimen dimensions before deformation. The occur-
rence of failure was defined by observed cracking or by the maximum in the
load-displacement trace, whichever occurred first.

The test points shown here are representative of a more complete set of
failure properties given in Reference 1. For the present purpose
of examining the effect of stress axiality on failure, it suffices to consider
data derived from one strain rate and at one temperature. Figures 3-2 and
3-3 show failure data for three solid loadings of a PBAN binder at 10°F and
7 percent/min strain rate. The shear and diameiral compression test data
in Figure 3-3 were reduced according to the ihilinear analysis.

* This ratio depends also upon loading, but such detailed consideration has
been omitted here.
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3.2.3 Discussion

The modes of failure observed were normal tensile cracking, in the strip and
uniaxial tensile tests and shear sliding for tVe renaining te;sts. Slear fail-
ure surfaces were oriented appro:imnately 3 G%' off the direction of the mani-
mum normal compression stress. An obvious increase in the sheazr stresses
accompanies increases in normal compressions. This is believed to be a
consequence of intergranular friction under comnpression and, oi course, is
not significant under tensions whe-:e the granules tend to be separated by the
deformations. In this respect, the general failure behavior of the propellant
is similar to that of a water-saturatcd sandy clay (Ref. iI). Such materials
may be characterized by a single value of tensile strength and a shear strength
that varies in proportion to the normal stress across the plane of potential
shear fracture. This kind of behavior is represented conveniently in the form
of a Mohr envelope (e.g. , Ref. 12 ).

Uniaxia! data obtained with tension superposed on a hydrostatic (gas) pres-
sure for the 70 percent by volume solids loaded formulation showed that the
amount of tension required to cause failure increased only slightly for pres-
sures up to 1000 psi ?Figure 3-2). The indicated tensile strength is nominally
con tant and independent of the pressure, any increment of the latter being
cariied by neutral prcssnures in the rubber matrix which fills the voids
betwecn particles. These neutral pressures in the rubber naturally do not
contribute to an increase of the intergranular frictions or binding forces
between the granules; and the matrix.

The small increases noted in strength with pressure can be attributed to
increases in intergranular friction, interphase friction or increases in the
strength of the binder alone under pressure. The size of the effect is such
that any of the three phenomena could rationalize the strength changes; as
the solids volumetric loading is increased, the interparticle reactions can
be expected to dominate in importance.

Since each of the stress states examined in these tests (excepting pressurized
tensile tr-sts) lies on one of the coordinate planes* in the principal stress
space, an experimental picture of the complete failure surface cannot be
constructed. However, in view of the need of failure analysis in solid pro-
pellant rocket design, it becomes interesting to sketch a possible extrapolation
of the biaxial data to the triaxial stress states. Tests to examine the failure
surface in these octants are planned for the future. As a practical example
of such need for extrapolation, consider the bond stresses in an unpressur-
ized, axially accelerated motor; in this cast-, the principal stresses can lie
in the ++- or +-- octants, substantially away from any of the coordinate
planes. Extrapolation rf the data of Figure 3-3 to construct a reasonable
surface may be done in -".rious ways. Figure 3-4 illustrates a construction
for the part of the sur' *- above the a3, or plane, based on use of the Mohr
envelope.

*It should be recalled '-"at we are considering engineerirg stress Es only. Due
to large deforrnationý. the stress state may be charged such that the test
points do not fall exactly on the coordinate planes.
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The data obtainecd in this study do not fit any of the cla . ',-al analytic failure
theorles with convlncin- accuracy. At bect, the linmitrd data on thc planes
in the +++ octa;it suggest a n- c•xirnunu tcn:- Jc, stress critrlon, an-l the d'h ar
and co preccioa data extrapolated in'•k tbz +-- octant arc not It CIO d-
agreement v,'ith a lincar internal fric'•.l, criterion. Ilowcvor, rreernent
with an analytic,4ly fornnulatcd crit..ic;. valuable but not critical for
design purposco and this initic!, prarrnlntic niap ping of tV.,.,e surface pre.cucc:
in principle the desire0 engineering inforn-ation. With connective theory
relating the mechanics ef failure to the shape of the failure surface, a con-
fident reduction in engineering detail required for the mapping, in addition to
an insight into material strength optimization, would result. This is an
ultimate qbjective of the work in progress.

Experimental tests of PBAA, carboxy-tcrrninated and Nitroplastisol propel-
lants in compression, shear and tension have indicated that the general failure
behavior of these propellants is not widely at variance with that depicted in
Figures 3-3 and 3-4. Of course, there are differences in stress magnitudes
at failure and in the envelopes for different strain rates and temperatures.
It is noteworthy that the shape of the failure surface, as well as its spatial
location, can change significantly with temperature for a single formulation
of the propellant (e.g. , Ref. I, I I).

It should be kept in mind that the above data and their interpolation lack the
support of a precise stress analysis. Not withstanding this deficiency, the
information as presented exemplifies a better engineering tool for rocket
motor evaluation than previously has been available. The obvious limitations
of the data emphasize the need for additional experimental points on the failure
surface off the coordinate planes and practical stress analysis methods thit
account for intrinsic and deformational nonlinearities in propellant behavior.
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3.3 FRACTURE PROPAGATION STUDIES

Fracture propagation in viscoelastic materials is regulated by their strength,
the driving stresses and the energy absorbcd in the fracture process. Each
of these parameters is time and temperature dependent, This section
describes the results of a study of crack propagation in biaxially stressed
plates of PBAA propellant.

Current theories of fracture in polymers gene'ally agree that crack exten-
sions occur in discrete jumps of a distance 6 which occur in a time t6 . 6 is
a fixed dimension characteristic of the material. It is proposed herein that
t& is a particular function related to the measured failure properties of the
propellant and the driving stress. The time dependence of the function at
various temperatures is derived and compared with experimental data for
crack extension and crack velocity under conditions of time-varying driving
stress. Excellent agreement between measured and predicted crack exten-
sions was observed.

3.3.1 Analysis

The first criterion for the elastic fracture of rubbery materials resulted
from an extension of the Griffith brittle fracture theory (Ref. 13) by
Rivlin and Thomas (Fef. 14). Greensmith and Thomas (Refs. 15, 16, 17, 18)
observed that, under equilibrium conditions, the energy absorbed by fracture
could be approximated by

T = Wdd (1)

where W is the critical strain energy density for failure in an initially
uncracked specimen and d is twic-. the radius of curvature of the crack tip,
Williams (Refs. 19, ?0) applied the concept of the Griffith criterion to predic-
tion of crack initiation and propagation in rubbery materials along similar
lines of inquiry.

Williams' mod .l of the crack postulated that the crack extended in discrete
jumps of distance 6. In an infinite sheet stressed biaxially in tension, the
stress at the tip of a crack of initial length 2b in the sheet is given by

0r r-2%\/b + m6(2)

where ao is the stress normal to the crack's axis at a distance and m is the
number of jumps by which the crack has extended. The crack tip radius of
curvature d/2 is identified in Equation (2) as 6. According to this relation-
ship, the stress increases with crack length b+m6 and the crack velocity may
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be expected to incrc.. :ý N.iith its extj,.Aion. Aplyir•,- li:r tw ry to t c ..ck
in a viscoclastic r,•ci•im, Williarna (Re•f. 20) found e icin• for crack
velocity and e tensicm with time. These eprescions vonarU ccc! o tle ,ump-
tion of a maximurm ctf'ain rupture criterion.

Recent work at LPC (Refs. 21, 1, 22) has shown that grocc fai/urc in prcpeV-
lant conforms to a r>.:imum tensile stress •ih;lurc critc ricn. Aj'plica.tion of
the strcess critericn to the crack extcnsion l,:obi.i i "L r

Only a special care of crack extension will be treated li-re: nar;-ly, wlan
the crack tip stresses are riot a function of crack lengqth. Equation (2) above
describes the stresses at the crack tip when the crack is small with repc.pect
to the size of the plate and far removed from its boundaries. When the crack
is long with respect to the sheet width (perpendicular to the crack), the crack
tip stresses do not change materially with extension. In practice this condi-
tion is achieved by clamping a long plate between rigid boundaries and slitting
it a distance about equal to its height (or gage length). The slitted specimen
is then extended normal to the slit, which can be considered to be an initial
static crack. The critical dimensions of the crack influencing its propagation
under these boundary conditions are its tip radius and the jump distance 6.

The crack extension model to be considered here follows that proposed by
Rivlin, Thomas, Williams, et al, in that extension of the crack occurs in dis -

crete jumps of distance 6. When the extension 6 occurs in a time t6, the
crack velocity S is given by the identity

(3)
6

The variation of S with material properties and crack driving stress is speci-
fied by the variation of t6 with these properties. 6 is a constant characteristic
dimension for the material thought to be related to itp microstructure.

Extending consideration of Equation (3) for the viscoelastic case, we postulate
that S (t) is proportional to the tirre to failure observed in tests of the material
and inversely proportional to the driving stress. The particular test mode of
interest herein is constant strain rate. When measured at constant strain
rate, the rupture stress in propellant varies with the time to rupture of the
sample as shown in Figure 3-5. The observed relationship may be approxi-
mated analytically by

a r(t) ow B(l/t)m (4)

over wide ranges of time. Assuming gross rupture behavior varies identi-
cally with the microscopic fracture, the variation of t6 (t) with time may be
expressed as

t W B w m(5
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w11CrC kI is rn u• r ctcr : constnu-at. Th e d ri vi n' zr, S i n f .ie rc'cC.t ui e..r
constant strain rate co.:A - may te auproir.A:@, by

V (t) A el-n (6)

when the rela:,ation mrc-!ulus is linear v:i'. tirn's in: lo•-Io• coc l'.,;:-Aes. n is
the olope of thbc lc. r'-curve, A is its intcr,, ccpt ,t t:: 1, . t:ý-
strain ratc. Th1, rclur.:'ltC,: i-cdulus for tL-C p, cpe11 ut u c ia c: . .e r -
ments is shown in Fiure 3-6.

Postulating that

t6 (t) Ott B( I/t) (7)

it follows that

kt 6Ai (m - n) 
(8)

and, integrating

ki 6 Ai t2-(m+n) 
(9)S ~ 2 -- (m9)n

t2-(ni,+n)

S(t) plotted versus t should yieid a, linear relationship for the crack
propagation moAdel descr,bed by Equation (9). The crack extension with time
is an experimental observable.

According to the work of Williams(Ref.20),the dimension 6 may be estimated
as the critical radius of the crack tip. The measured critical crack tip dia-
meter is approximately 0.02 inch and, hence, 6 st 0.01 inch. The value of 8
for gum rubbers was estimated to be of this order by Thomas (Ref. 17). The
constants k, and c are, therefore, the only undetermined constants.

3.3.2 Experimental Results

Fracture extension experiments were made using biaxial striv test specimens
of PBAA propellant (LPC-543B, Batch 4404). The specimens were machined
plates (10 x 2.25 x 0.13 inches) with in situ bonded wooden rest-aints along
the long edges. Fracture sI ecimens were slit with a razor blade along their
midlines a distance of 2.4 inches from one edg, . The specimens were tested
in an Instron tester at a c.L sshead speed of 0.1 inch/minute to obtain a strain
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rate of 0.0444 min"1 in the body of plate. The ultimate pc -: ,t~t,6 ?0,orn
in Figure 3-5 v,,ere obtained in tests of identical but untlit 5'k'Ct, r/5 t t th7e
same Otraiin rate. The stress rclaxcation rnc'Iluru data showo-v, in I yuu 3-6
were obtained in tests of unianial vwoo•dcr, th e tensile r: c v;' c",: t-, ,
in accordance wit% th,. ICRPG test proccr2i rc (CPIA No. 21, 1. ,'re
data of Figures 3-5 and 3-6 are precnl,::d in rcduced vi. ng
the shift factor shown on Figure 3-6.

Crack extensions were measured at 0.1 inch intervals by vi:i.un! c%.iervntion
of the crack through a magnifying glass. Typical data are sho,,-n in Figure 3-7.
Measured crack extensions are shown plotted versus t "+) in Figure 3-8.
The exponents n and m were measured from shifted data. The slorps were
taken in the time region within which the experiment was done and the inter-
cepts at various temperatures determined graphically.

3.3.3 Discussion

The data of Figure 3-8 show excellent agreement with the postulated time
variation of crack extension. Taking the constant of integration in Equation (9)
as

IA i ti-C = k E( I-n)(2-n-rn)

where ti is the time of crack initiation and 1 7 0.01, the undcter•inned constant
k, is found to be 165 for the data presented. Crack velocities predicted by
Equation (8) are of the order of 1.0 to 2.5 inches per minute, depending on
crack length and test temperature, in excellent agreenment with the experi-
mental observations.

The agreement between the crack velocity and extension relationships,
Equations (8) and (1). apply only to the constant strain rate test mode for
initially quite long cracks. Further analysis is required for this test mode
for cracks initially small with respect to plate dimensions. Small cracks
can be expected to accelerate rather ripidly with time, because of the high
stress concentrations at their tips (of. Equation 2).

The failure properties of propellant (i.e. , those shown in Figure 3-5) do
not shift linearly with varying strain rate. Extension of 9(t) and S(t) relation-
ships to consideration of crack extension at varying strain rate requires,
therefore, measurement of the failure properties at various strain rates.

Crack propagation under other conditians of time varying stress is a matter
of bothi gc•reral and specific interest. The olserved slopes of rupture stress
versus tirnt- curves for constant stress anrd constant strain tests of the pro-
pellant Lised in these tests is approximately the s,..me as the slope of the
curve shown in ;-igure 3-5. 'he analysis for S(t, app:opriate tV the constant
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stress test condition predicts thz:t ihe cracks propagate at a ncnrly u:fI mrrn
velocity. Under constant strain ccnditions, a crack started by the initiZl
straining should decelerate and stop. Doth predictions are in accord with
data obtained in single tests. Further analysis and experinnontation defining
such behavior is recon,---crz-'"

The agreen-•e it between the analytical predictions and experirnental olb ;crva-
tions is considered excellent. [:xten,-dcd efforts with greater attention to
rigorous theoretical development of the analysis is recommended. Future
engineering applications of fracture mechanics analysis include, for example,
rocket grain defect aaalysis and prediction of threshold conditions for catas-
trophic grain cracking. Extension of fracture mechanics analysis to the
energetics of fracture extension is also a potentially fruitful method for
studying the relationships among binder molecular structure, interphase
adhesions, solids particulate properties, and intrinsic propellant strength.
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4.1 INT.O"DUCTION

Current areas of interest arc as fi 5

"* Determination of viscoola~stic ~rdtherruioclastic propcrties of
propellant and associated materials, uring cyclic techniqtes.

"* Investigation of propellant mcchanical and thermal responL-0 to
sustained cyclic loading

"* Determination of vibration failure modes in solid prop ellant-c
and correlation of propellant microstructure wvith vibDration failure
resistance

Previous work at LPC (Ref. Zi ) haq demonstrated the equivalence of transient
and dynamic physical property characterization techniques for practical pro-
pellants. The problems introduiccd by tlle nonlinear vxi'coclastic behavior of

hihyloaded propellant systernS (c. &! ct rain-; r..Ivcc norlonin.car~ty and
thermnal degradation) were exarruircd Ly irncans cf larged ýmtoadna:i

tests. In addition, viscoclastic heating effects we~re sto.Aiv,2; and the poscsi_
bility of regenerative heating, leading to thermal arnd nacchaaical hist-ability
in solid propellant systems subjected to sustainf-d cyclic loading, was deduced
on theoretical grounds. The current work is directed at the cxtension and
amplification of these results.

Experimental investigations are discussed in which propellant dynamic sbear
and bulk properties were measured with the small deformation piezoelectric
devices previously described (Ref. 1 ). Shear moduli of PBAA and PBAN
propellant and cured binider are presented and compared with linear thermal
expansion measurements of glass transition temperature obtained for similar
propellants. Analysis technique-s and calibration results are discussed for
the dynamic bulk modulus device.

An experimental investigation of propellant thermorrkechanical resporse to
sustained cyclic inertial loading was completed. Experimental results are
presented, noting that they are in qualitativc agreement with theoretical pre-
dictions. In particular, jump instability caused by regenera~.ve thermal
and mechanical coupling was obtained experimentally. Also cormpleted were
experimental investigations of the transient ther-.noviscoela~tic response
under constant cyclic strain amplitude (fixed ou~tput) loading, and with inertial
loading. Experimental results are given including an ivsgtinof
cyclic degradation effects.
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4.2,r~: r;' ,V~ P ;

the deviý:I-; 01<:~e a v .i~r r. f yV0cny~V.
a~i ri~~ cimn(-rn v; h "c.:'xic- n s of thc arc~cer of I to 10 rnicro-

inches. The ccin, citput forcc 'a-n pliane rel.%ticonrhip to the dri'vin"
deforniatic'n trc nn aured ard are ivucd, together with the ri-casured speci-
men dinsona, to calculatc- dy,-animic viscoelastic propcrtieri of thn spccimni.

Thetv aarts i, -1~nlybi: used, to viccoelastictlly cha~racterize a
wide variety of prcpellzants, birndcr. P~nd associated rocket motor materials.

*Dynarn~c she,-kr moduli of IPDAA and I,,!,AN propellants and cured binders
have been cbtained over a wide rargz- of temperaturre and at frequencies from
20 to 1000 cycles p.-r second. Stora,. :e and loss rncduli (G' and G", respec-

tively) are slhow plotted versus temperature at several frequencies in
Figures 4-1 and 4.-2 for both the S4 percent solids loaded propellants and
the cured binders. In addition, the "glass transition temperature region"
as measured by linear thermal expansion coefficient techniques on similarI ~propellant formulations is shown on each graph. Correlation of this temn-
perature witi' the temperature region w'here the propellant dynamnic properties
become relatively irdepcndent of t crn !iature and frequency wvas observed, for
Nitroplasti~ol propc-llart and bindcr in ad-di'tion to the rubb-r-biae prcpclLbnt*
s how n.

hne data show the generally anticipztcd effect of the addition of solid fillkr
to an elastorner. The viscoelastic trancition region is significantly broadcned
and the moduli are increased particularly at higher temperatures. Charac-
teristic regions, such as the loss modu~li peaks and the low temperature limit
where the response becomes frequency independent, are observed to shift
slightly to higher temperatures with the addition of filler. This effect also
occurs for the Nitroplastisol propellant and binder where the magnitude of
the shift appears to be much more significant. The anticipated shift of the
response curve to higher temperaturec as the excitation frequency is increased
is clearly evidtnt for both sets of data, The generally lower characteristic
temperatures for the PI3AA as compared with the PBAN materials correlates
well with the better low temperature physical property capability observed
for PBAA propel~lants.
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4.2.2 Dyn-tinc Bulk Modulus

An apparatus, similar to the dynamic shear modulus device (describr,d in
the last section) but designed to measure t' e dynamic bull moduli of materials,
is currently being evaluated. The appar,.tu5; contains a pressure cavity
within which the specimen material is placed. The specllC 1 if 11 hyc!ro -;tatic-
ally pressurized and a small sinusoidal pressu:e is superposc' or, the
hydrostatic component by sinusoid-lly varying the volume of the cavity by
means of a piezoelectric driver and piston arrangement (Ref. 1 ). The
resulting sinusoidal pressure is measured and compared with the input vol-
ume change to compute bulk modulus properties of the confincd material.

The device is presently being calibrated with standard fluids for eventual
measurement of propellant properties. The calibration technique is as
follows. The bulk modulus (K) is defined as

' AV
K AP/ (1)

where V is the nominal cavity volume, LV is the dynamic volurne change and
AP is the resulting dynamic cavity pressure. Of major concern in the cali-
bration process, particularly for high bulk modulus materials, is the effective
bulk modulus or cornpliance of the constraining cavity. Clearly, for a real
cavity with finite compliance, the input volume change will equal the sum of
the sample volume change LFI and the cavity volume change L V., that is:

A V : aV+ AV 0V (2)

Since both the cavity .alli. and the constrained s-mple experience the same
pressure variation L (assuming that measurement frequencies are low enough
to make pressure wave propagation effects negligible) we can define the sam-
ple bulk modulus Kg and the effective cavity bulk modulus Ko as follows:

K :AP/-AV ,Ko = aP/ t (3)

Combining these definitions with the volume relationship, Equation (2),
results in

S+ Bo I " V B (4)

where Bt and B. are the sample and cavity compliances, defined as recip-
rocals of the respertive bulk moduli arid B is the total measured compliance,
the reciprocal of K in Equation (1). The output dynamic pressure 4P and
input dynamic t'olume change are linearily related to the apparatus output
and input transducer voltages v0 and vi as follows:

A P CI vo , V- CZvi
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Thus, E Ija1.i,, 4 f. e( ooI I s

1lit+ BO -c (5

Therefore, for cov-stant input wIt3,, vl, and constant cavity coniplinnce,
1301 the sample compliance is linearly rielated to the reciprocal of the'
measured output volta3e. Thus for a constant cavity corpliance, the appa-
ratus car, ,,e calibratted by defining the linear relationship of Equation (5)
from ineasurernerts of samples with know;. bulk compliance.

A typical calibration curve is shown in Figure 4-3 for a single ternpe rature
and hydrostatic pressure. In goneral, the calibration curve will be a funccion
of both temperature and hyd rostatic pressure, the temnperature dependence
associated primarily with the input and output tran,•ducer coefficients and

the pressure dependence ass1 iated primarily with a reduction of mechanical
slack in th. system as the hydrostatic pressure is increased.
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m = 4.31 X 10-3 mv/PSI

E3, = 3.66 X 10-6 PSI-I
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Figure 4-3 Calibration Curve Dynamic Butlk Modulus Apparatus
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4, 3 1,LARGE .F P.•.IN A Y IA YtC FlOi ,Li LES AN D V'SCOELASTIC
HF;ATINC.- IA F FZC. 1

Earlier work at I tPC in 1.-s area cono istc cf anaiytical stuid ies of the phvsicia.
and thernial resp-. nse o0 propellarit to dyT-_m:-ilc loading an'i experinme ntal rncas-
urernents of the dyna ic ric sprm - e of pro;pI~lants to large cyclic deforrnations
(Refs. 21, 1 ). These investigations showved that a large temperature rise
could be obtained an,- ertain types of *ionlinearities and degradation effects
were found to be sig,,'.icant in the rcspcnse of an 84 percent total solids-loaded
propellant at strain 1.-vels of .nly a few percent.

Present work is exarnining the validity of using linear viscoelastic theory to
predict the thermo-mechatxildl response of highly filled propellants. The
ultimate aim is to deveip engineering rnethods fur ihu prediction of dynami,.
behavior and heating effects in real motor situations.

Additional experimental data are given fiom constant strain amplitude and
inertial loading experimer-ts on propellant. Regenerative coupling between
generated heat and vi3coClastic properties was obtained under inertial load-
ing conditions and resulted in jump-instability, as predicted theoretically.

Furthcr experimental data are presented from tests in which transient,
dynarnic the,-mov',; coela stic response, and degradation effects were studied
Undl.r two type.s of tiherr-l boundary cor'.dit ions: (a' apprcxirnately adiabatic
and (b), unidirectional heat flow to a constant ternper. tur boundary.

4. 3. 1 Experimental Techniqacs

Propellant specimens were subjected to st,!'aey-sta;e sinusoidal shear dis-
placements, a, shown in Figures 4- -- and 4- 5 . Two loading conditions
were ir,%-stigated: (1) output rigidly connected to force transducer (fixed
olutput), and (2)1 output inertialiy ioanud by large inass.

For the first loading condition, the input strain and the output force were
measured together with the phase relationship between them. From these
data, the dynamic shear storage and loss moduli were then obtaincd as pre-
viously described (Ref. 1 ). When an inertial loading test was made, the
Jr-put strain amplitude (VI) and the amplitude of the mass (Vm) were meas -

ured and also the phase difference (a) bcteen them.

In both test modes, tie specimen is driven at a constant sqnusoidal displace-
ment by means of a mechanical cam-drive arrangement. This is shown
pictorially in Figure 4--' , arranged for an iner th.l leading test. The milling
machine, shown at the right of the photograph, actuates a cam and cam-follower
arrangerneit to drive the propellant shear .•pecirren sliown in tht- center of the
photograph. Return force for the cam-follower i.- Aupplied by the compression
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spring between the driver shaft guides. Input motion is measured at the

sample supports by a potentiometer-type linear motion transducer. The

center support of the double-lap shear specimen is attached to a loading
shaft constrained to move only along the axis of shear by a set of rectangular
linear motion bearings. The inertial mass is clamped to the loading shaft
and is adjusted by addition or removal of weights. The sliding friction of
the arrangement when fully loaded is only a few ounces. Cutput motion is
measured at the sample support by another potentiometer-type linear motion
transducer.

For the fixed output test, the inertial loading system is replaced by a rigid
force-measuring cell to which the specimen is attached (Ref. "t ).

The excitation frequency is changed by varying t1'.- cam revolution speed in
discrete steps from 1.3 to 45 cycles per second. The input displacement
amplitudes are controlled by interchanging driver cams.

Specimens were prepared by bonding milled propellant bars to the support
members with epoxy adhesive. The semicircular fillets shown in the figures
(4-4 and 4- 5 ) were machined into the propellant bars to prevent specimen
cracking in the regions of high stress at the specimen corners. All tests
were perfoi med with the outer supports constrained to pre-, ent lateral strain
and standardize the test geometry.

Two thermal boundary conditions were investigated. The first was an appý-
roximation to unidirectional heat flow laterally outward from the double-lap
shear center support, and the second was an approximation to adiabatic
conditions. Figures 4- 4 through 4- 5 illustrate the unidirectional heat flow
experimental arrangement. In application, all exposed propellant surfaces
were thermally insulated with a soft foam-rubber material so that the major-
ity of the heat generated in the propellant was conducted laterally away from
the low thermal conductivity center support member to the metal side supports
which were maintained at constant temperature by circulating fluid. An app-
roximation to adiabatic conditions was achieved by replacing the conductive
metal outer supports with wood, a relatively low-conductivity material, and
insulating all surfaces with foam-rubber material. The temperature distrib-
utions throughout the specimens were monitored with small thermocouples
imbedded directly in the propellant or support material.

4.3.2 Dynamic Inertial Loading Tests

An interesting prediction obtained from the analysis of the inertial loading
problem was that regenerative coupling between tCe temperature-dependent
properties and the generated heat could lead to an instability with a consequent
large 'ncrease in temperature and output amplitude, and a possible propellant
failure. This analysis and the calculated response c'rves were given in the
previous quarterly report.

H 12
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Experixmental data confirming the existence of this response instability were
obtained during the present reporting period. 'Typical experimental results
are presented in Figures 4-7, 4-8, and 4-9. The data represent response
parameters at each frequency immediately after vibration is started and
before significant heating has occurred (isothermal response) and also the
response after sufficient time to attain thermal equilibrium in the shear speci-
men with isothermal boundaries (equilibrium response). The theoretical
responsei curves for the steady-state amplitude ratio and insulated surface
temperature are reprinted in Figures 4-10 and 4-11. from the first quarterly
technical report (Ref. 1) for qualitative comparison. The theoretical curves
predict response for a hypothetical propellant with an isothermal complex
shear modulus log-log slope of 0.30. Quantitative comparison of the experi-
mental data with theoretical prediction based on measured propellant proper-
ties has been completed (with reasonably good agreement found) and will be
presented in a subsequent report.

Interpolation between the experimental data points presented in Figures 4-7
through 4-9 are based upon the theoretical predictions. The experimental
frequencies which can be used are limited by the belt-gear drive mechanism
of the milling machine used for the vibration tests.

Of particular interest is the double-valued response observed in the steady-
state equilibrium eesponse at 660 rpm for the 0.050-inch peak input displace-
ment. It should be emphasized that each equilibrium data point represents
the sample response or temperature after equilibrium has been attained at the
particular vibration frequency. This vibration time can vary from 20 minutes
to over one hour for the test configuration used. For example, the test
sequence for the 0.050-inch peak displacement, equilibrium tests was as
follows.

With the sample initially at room ambient temperature, vibration was begun
at 210 rpm and continued until thermal (and mechanical response) equilibrium
was attained. The excitation frequency was then immediately raised to 325
rpm and maintained until a new equilibrium was established and so forth,
monotonically increasing the excitation frequency in steps and allowing the
specimen time t) reach equilibrium at each frequency. Alter the maximunr.
frequency equilibrium, the frequency was monotonically decreased in steps,
again allowing equilibrium to be attained at each frequency. During the
increasing frequency sequence, the response parameters reached equilibrium
at the lower 660 rpm data point for amplitude ratio, insulated surface tem-
perature and phase angle. However, the system attained equilibrium at the
upper branch point for the decreasing frequency sequence. Prolonged equi-
librium viuration at this upper branch point resulted in eventual specimen
failure in the form of a crack propagating along the direction of shear and
at the insulated surface. Inspection of the failure indicated that the crack
initiated in the specimen center (the highest temperature region) and propa-
gated outward toward the semicircular end fillets.

4-13

LOCKHEED PROPULSION COMPANY



AFRPL-TR-65- 20 667-Q-2

INERTIAL MASS (NfrXGLECTlNG SPEOCIMN MASS) =25.1 LB3
LAP SHEAR SPECIMEN DIWENfIONS: L =1.00 INCHES

A =2.05 IN. 2

(NEGLECTiNG
INPUT SINUSOIDAL DISPLACEMENT FILLET AREA)
AMPLITLJDL. V, (INCHES PEAK) THICKNL-S3 0.50 INCHES

0.008 0.025 0.050

-'0-- -03- ISOTHERMAL
0 0 EQUILIBRIUM

2.5 _ _ _ _ _ _ ____ _ _ _ _ _ _ _ _ _ _ _ _

2.0 _ _ _ _ _

0.5

00 206020 4020
0 ~~400 800 10 6020 4020

FREQUENCY Ifp;.41

Ii ( -7 Y;,pe ri r-.vrtal DisplaIct-,!ncitt At:. plitiude Rultio,
PBAA IPr cpe Inint, Batch I

]1 A



AFRPL-TR-65- 20 )67-Q-2

INERTIAL MASS (NECLECTING SPECIhFN MASS) = 25.1 LE

LAP SHEAR SPECIMEN' DIMENSIONS: L 1.00 INCHES

A 2.05 IN. 2 )

CAM PEAK (IN.) (NEGLECTING VILLET

210 0.008 0.025 0.050 - AREA)

0 0 0 THICKNESS 0.50 INCHES

190 -

170

I1 150

w

w
; w 130

LLo I

- 110

_z

90 -

70
ISOTHEPMAL BOUNDARY TEMPERATURE

0 1000 2000 3000
PFAEQUENCY lPI.4

Fig'irc 4-8 Experirmental Steady-State Telnperature at
Insulated Surface, PBA• Propellant, Batch 29 16
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PBi A Prop- llant, batch 2916
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Figure 4-10 Steady-State Displacement Amplitude Ratio
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Figure 4-1 1 Steady-State Reduced Temrpr rature at Insulated
Surface for n .. 0.30

4-18

LOCKHEED PROPULSION COMPANý



AFRPL-TR-65- 20 667-Q-2

As a practical result of these investigations, it is c1ý-or that rocket motor
vibration resp. ase and anal,.;is will be severely corn.plicatcd by thermo-
mechanical coupling effects if the nmtor configuration and vibration environ-
ment result in appreciahle inertial loading of the propcJllnt grain as a whole,
or in localized areas within the grain (such as at the basic of a slender star
point). In addition to the usual frequency, ambient ternperature and vibration
time parameters, it is clear that the thermal and vibration environr-iental
history of the motor must be considered in order to specify and define the
motor requirements and vibration response characteristics. It would seem
that the length of time which must be considered in predicting response will
be of the same order as the thermal time constant in the critical region
within the motor grain.

The experimental and theoretical results show the multiple-valued equilibrium
response region to occur in a very narrow frequency range which is dependent
on the vibration loading level, the natural frequency of the system at the refer-
ence temperatu-e, the thermal boundary conditiorn.3, and the propellant visco-
elastic properties. For a given vibration loading level, the most stringent
loading conditions are applied to the propellant along the upper branch of the
instability response region. This is where the amplitude ratio is a maximum
and the phase angle is approximately 90 degrees, resulting in large strain
amplitudes in the propellant as well as high equilibrium temperatures.
At frequencies above this narrow region, the amplitude ratio decreases
rapidly, resulting in lower strains even though the phase difference continues
to increase. Below the instability region, propellant strain and temperature
are both low. Both lap-shear propellant specimens used for the investigation
of the jump-instability response failed on the uppe- branch of the 0.05-inch
peak input displaceinent instability region a+ 660 rpm, as described previously.
For the one-inch shear spt%.imen gage length and roughly 90-degree phase
shift at that point, the specimen was subjected to pea.k strains between 5 and
10 percent, consistent with vibration failhre strain levels observed previously
for constant strain amplitude loading conditions (Ref. I ).

4.3.3 Transient Thermoviscoelastic Response for Constant Cyclic Strain
A"nplitude and Inertial Loading

The preceding discussion of equilibrium cyclic inertial loading considered
only the material response immediately after the initiation of vibration
(isothermai response) and at thermal mechanical steady-state response
%equi-,,riu-" respoibi e,. T ,.cnsient thermal and mechanical response of the
inertially-loaded system is very difficult to calculate analytically, particu-
larly in the region of instability where the mechanical response sweeps
through the resonance region as the temperature changes.

To investigate the effedt of various leading and thermal boundary conditions
on this transient r sponse, a series of experimental tests were performed
on samples identical to those used for the previou3 equilibrium tests.
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Two double-lap shear propellant specimens were prepared from PBAA pro-
pellant bars rnilled from the same bulk casting (P2916). One sarnpie was
prepared with wooden support members and completely insulated to approxi-
mate adiabatic conditions; the other was prepared with liquid-cooled rmetal
side supports and a low -conductivity cent,,r support to approximate urni-
directional heat flow. Each specimen was subjected to a series of four
vibration iuis, -- two runs with constant strain amplitude loading at 2720 rpm
and 2.47 percent peak strain, and then two runs with inerti.-l loading at 1115
rpm and 0.0247-inch peak input displacement amplitude. The multiple runs
were performed to monitor degradation effects due to the combined thermal-
mechanical environment. Material pro'erties were measured before and
after each vibration run at a frequency 3f 80 rpm, room ambient temper. turc
and 2.48 percent peak strain amplitude. The results of these single frequency
check runs, plotted as a function of total vibration cycles, are presented in
Figures 4- 12 and 4-13 for the adiabatic and isothermal boundary conditions,
respectively. Appreciable propellant degradation was obtained during the
vibration sequence as evidenced by decreasing storage and lVss moduli. The
rate of degradation is seen to increase during the inertial loading sequence
due to the larger transient strain amplitudes experienced by the samples.

Figures 4-14 and 4-15 present the transient mechanical and thermal response
for vibrztions runs 2 and 4, referred to in Figure 4-12, for the adiabatic
boundary conditions. Similarly, Figures 4-16 and 4-17 present the same
information for vibration runs 2 and 4 referred to in Figure 4-13 for the
isothermal boundaey conditions.

The storage modulus, loss modulus -mnd loss tangent data prescr !d here were
calculated using an average ph•.se angle, due to the nonlinearity of the Lissajous
pattern ellipse discussed in the first quarterly report (Ref. 1 , page 4-24,
Figure 4- 18). The tangent of the angle as calculated from the vertical (for;ce)
intercepts was averaged with the tangent calculated from the horizontal
(displacement) intercepts. This average value appears to correspond most
closely with the effective loss tangent as calculated from. the measured area
of the Lissajo,, or hysteresis pattern.
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Section 5

SUIBCt ýITRACT EFFORT

5.1 PURDUE UNIVEI-)FSITY SUBI3CONTRACT (Qu:trterly Summary Rreport to
Lockheed Propul ;ion Cormpany, September 21 - December 15, 1A4.
Professor P.. A Schapery - In Charge)

5.1.1 Nonlinear Viscoelastc Behavior of Highly Filled Propellants

The first phase of this program is concerned with the development of realistic
stress-strain equations which include the effects of strain induced anistropy,
but are sufficiently simple to permit easy application to idealized motor
problems in the second phase of the research. Work during the first quarter
dealt primarily with the evaluation of existing theories of nonlinear constitu-
tive equations for usc in solid propellant applications Nonlinear equations
range from extremely general form.s for viscoelastic behaviorl to piecewise
linear approximations for elastic response 2 in the former case, a consider-
able number of mathematically (rather than physifcally) motivated assumptions
must be made to put the equations in a practically useful form. On the other
hand, the latter equations of piecewise linear elasticity, with coefficients
depending on the state of stress or strain, seem to be useful engineering
approximations for elastic behavior. however, it i not at all clear how these
equations can be generalized to viscoelasticity, except by trial and error,
along with considerable experimentation.

In another paper, ý the role ot thermodynamics in no~ilinear viscoclasticity
was investigated, and it was shown that thermodynamic principles can be used
to develop relatively general (but simple) stress-strain equations. A.though
Ref. 3 gives only a one-di nensional illustration, we have recently made the
generalization to three dimensional behavior; the thermodynamic basis per-
mitted a straightforward generalization. Briefly, this theory makes use of
the first and second t aws of thermodynamics and Onsager' principle. Also,
it is assumed that the material behaves thernrc~dynamically as a linear visco-
elastic body, but with nonlinear measures of deformation in place of the
classical linear strains The stress-strain equations so developed contain
a natural gene-alization of the Boltzman superposition principle. Moreover,
the equations appear to be consistent with existing propellant data, and, for
example, yield a relaxation modulus which has the commonly observed form
in which strain and time dependence appear as separate factors.

TSee, for example, A. !ý Green and R S. Rivlin, Archive for Rational
Mechanics and Analysis, %-')l. 1, pp 1-2', 1957.

ZS. B. Dong, L. R Hlerrmann, K S Pister, R. 1, Taylor, Studies Relating

to Structural Analysis of Solid Propellants, Institute of Engineering Research,
U•"iversity of California, Berkeley. 1962.

3R. A. Schapery, Journal of Applied Physics, Vol. 35, No. 5, pp 1451-1465,
1964.
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Current efforts are direct d at application of the equations to the mechanical
property test geometries uscd by i-F C in order to evaluate the relatively few
unknov.wn functions and to determine thc' limvits of validity of the theory.

5. 1.2 'ITier momneccanical Resporns e Stutdies of Solid Propellants Subjected to
Cyclic and Random Loading

A repo,rt in the first- quarter work has been prepared jointly with Dalton
Cantey of LPC, and r'-Y- pi.st'titation -it the AIAA 6th Solid Propellant Rocket
Conferrence to be held February 1-3, 196 ý, Briefly, it contains an extension
of previous theoretical studies on heat goneration to random loading, provides
solutions to the thermal and mechanical response of specimens being tested
by LPC, compares theory with (xperilnvental data (with reasonably good agree-
ment found), and draws certain practical conclusions concerning the engineer-
ing usefulness of the two limit cases of adiabatic and steady-state thermal
behav io r.

Future theoretical investigations will study the thermoi, echanical behavior
of a cantilev, r beam with and without inertial loading Also, we shall attempt
to improve the method used to predict heat generation by taking into account
non!linearities in the stress-strain law.
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5.2 UNIVERSITY OF WASHINGTON

The following outlines the objectives of the work to be performed at the
University of Washington un(dcr the directi n of Professors P\ .J.11. Ballard
and EH. Dill.

(1) To obtain qupntitative data. from direct observation in the photo-
viscoe1;,.-tc bench, of the effect of local stress concentrations under dynamic
loadings with small strains and constant strain rate tests.

(2) To investigate experimentally some of the facets of the nonlinear
theory for viscoelastic materials which has been proposed by Coleman and
Noll (Foundations of Linear Viscoclasticity, R'vv. Mod. Phys. ,Vol. 33(1961),
pp. 239-249) and investigated further by G. Lianis in previous LPC work.
With consideration of incompressible fluids, it has been hypothesized that
some of the material constant's employed in the nonlinear constitutive relations
(large strains) can be determined e-ther from simple dynamic modulii tests
at small strains or creeptests to large strains. If the same result can be
shown to be true in the case of viscoelastic solids it would be of great im-
portance to the definition of future testing programs for the characterization
of solid propellant materials in the nonlinear range of deformation. Since
the same line of reasoning wAhich led to the hypothesis concerning the constita-
tive relation can be applied to the relation of the dielectric tensor to strain,
this relation could be checked by simple photoviscoclastic observation. This
experimental verification of the above stated hypothesis will be undertaken,
employing the optical bench and materials now available.

Progress during the reporting period was as follows. The photoelastic bench
has been modified to accept a double-lap shear specimen of viscoelastic bire-
fringent plastic and to provide variable frequency sinusoidal strain inputs of
varying amplitude- Qualitative observations of the effect of the stress con-
centrations are being made.

Theoretical studies of viscoelastic solids have been carried out and have
raised the cuestion as to whether or not the nonlinear constitutive laws can
be obtained from either simple dynamic moduli tusts at small strains or
from creep tests to large strains. These theoretical studies are near com-
pletion and will be reported in the near future.

•OKHE5 O SC3
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"The following outlines the objectives of the work to be performed at the

University of Washington under the directi n of Professors R.J.H. Ballard

and E.IH. Dill.

(1) To obtain quantitative data, from direct observation in the photo-

viscoela-tic bench, of the effect of local stress concentrations under dynamic
loadings with small strains and constant strain rate tests.

(2) To investigate experimentally some of the facets of the nonlinear
theory for viscoelastic materials which has been proposed by Coleman and
Noll (Foundations of Linear Viscoelasticity, Rev. Mod. Phys. ,Vol. 33(196 1),
pp. 239-249) and investigated further by G. Lianis in previous LPC work.
With consideration of incompressible fluids, it has been hypothesized that
some of the material constants employed in the nonlinear constitutive relations
(large strains) can be determined either from simple dynamic modulii tests
at small strains or creep tests to large strains. If the same result can be
shown to be true in the case of viscoelastic solids it would be of great im-
portance to the definition of future testing programs for the characterization
of solid propellant materials in the nonlinear range of deformation. Since
the same line of reasoning which led to the hypothesis concerning the constitu-
tive relation can be applied to the relation of the dielectric tensor to strain,
this relation could be checked by simple photoviscoelastic observation. This
experimental verification of the above stated hypothesis will be undertaken,
employing the optical bench and materials now available.

Progress during the reporting period was as follows. The photoelastic bench
has been modified to accept a double-lap shear specimen of viscoelastic bire-
fringent plastic and to provide variable frequency sinusoidal strain inputs of
varying amplitude. Qualitative observations of the effect of the stress con-
centrations are being made.

Theoretical studies of viscoelastic solids have been carried out and have
raised the question as to whether or not the nonlinear constitutive laws can
be obtained from either simple dynamic moduli tests at small strains or
from creep tests to large strains. These theoretical studies are near com-
pletion and will be reported in the near future.
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Section 6

FUTURE PROGRAM

Techni al objectives of the third quarter program are listed below.

"* Completion of the viscoelastic response and tnultiaxial failure
investigation of the remaining group of high solids formulation
variations (80 percent complete).

"* Extension of multiaxial failure testing and investigation of
propellant failure surfaces in stre-ss space (30 percent comiplete).

"* Determination of bulk moduli of propellant compositions as a
function of applied hydrostatic pressure and tcnperature (in
progress)

* Experimental investigation of nonlinearity effects in propellants
under various types of test for development of realistic non-
linear stress-strain equations

LZDCKHEED PPOPULSION COMPANY
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